Abstract. Obstructive salivary gland diseases are common conditions that arise following the disruption of the secretary ductal system and usually results in the swelling and pain of the affected gland(s). There has been an increase in the use of sialendoscopy for the treatment and diagnosis of obstructive salivary gland infection. If damage occurs to a duct or papilla following sialendoscopy, a stent may be necessary to prevent restenosis and for maintaining the salivary duct open after complete sialendoscopy. Currently, there are only non-biodegradable salivary duct stents available. The aim of the current study was to establish a methodology for the fabrication of a biodegradable poly-L-lactide (PLLA) salivary duct stent and to examine its function in an animal model. In the current study, PLLA was used to fabricate a salivary duct stent, which was compared with other commercially available non-biodegradable products. The mechanical tests revealed that the tensile strength of the PLLA stent was similar to that of the commercially available non-biodegradable stents. The Young's modulus, which measures the stiffness of a solid material, was significantly higher for the PLLA stent compared with the commercially available non-biodegradable stents. In addition, the current study demonstrated that the PLLA salivary duct stent was easily used with current sialendoscopy techniques, allowing accurate stent placement in an animal model.
Introduction
There has been an increase in the use of sialendoscopy for the treatment and diagnosis of obstructive salivary gland infection (1) . In cases where ductal stenosis has occurred, salivary duct stent placement appears to be one of the main treatment options (2, 3) . A previous study demonstrated that salivary duct stent placement using hypospadias silastic and pediatric feeding tubes (size 5-Fr) was successfully achieved and maintained for approximately two weeks before displacement (4) . Although stenting is routinely used in clinical practice, a common limitation associated with ductal stents is the relatively short duration of stent implantation following surgery. Typically ductal stents are expected to remain in the salivary duct for only 1-2 weeks until they are removed during follow-up visits, or earlier, if the securing sutures break prematurely (4) . Even with a short duration of stent implantation, complications including iatrogenic stenosis can occur due to the undesired mechanical contact between the ductal wall and stent edge (5) . Furthermore, there is no recommended duration of stent implantation for salivary ductal stenosis. By contrast, intravascular stents are often placed for months, even when using bioresorbable vascular scaffolds (6) . Beilvert et al (7) demonstrated the use of a new resorbable starch-based shape-memory salivary duct stent in an animal model, for the treatment of salivary ducts under sialendoscopic surgery. However, the resorbable starch-based stents were rapidly hydrolyzed in simulated saliva, resulting in undesired stent placement.
The aim of the current study was to establish a methodology for the fabrication of a PLLA salivary duct stent and to examine its function in a porcine head model.
Materials and methods
PLLA stent fabrication. PLLA (Poly L-lactide; molecular weight, 140 kDa; glass transition temperature, 60-62˚C; Biotech One Inc., Taipei City, Taiwan). was dissolved in dichloromethane (Burdick & Jackson™; Honeywell Research Chemicals, NJ, United States) and stirred for 30 min at 25˚C with a final concentration of 15% (w/v). For stent fabrication, a 15 cm stainless steel rod with a 1.1 mm outer diameter was immersed in the PLLA solution and then quickly withdrawn. The PLLA-coated rod was placed on a custom-made rotor at 20 rpm to ensure even distribution of the PLLA solution on the surface of the rod. The PLLA-coated rods were left to dry overnight at room temperature. The PLLA tube was easily removed from the stainless rod and cut into different lengths depending on its clinical application (Fig. 1A) . Using a sialendoscope, a silicon tube with an inner diameter of 1.2 mm and an outer diameter of 1.4 mm was pre-inserted proximally to the stent and used as a stent 'pusher' during application (Fig. 1B) .
Development of a poly-L-lactide salivary duct stent
Mechanical properties. The fabricated PLLA salivary duct stent was compared with three commercially available non-biodegradable stents: 14G needle cannula (B. Braun Melsungen AG, Hessen, Germany), feeding tube (Symphon Medical Technology Co., Ltd., New Taipei City, Taiwan; size 5-Fr) and hypospadias silastic tube (Symphon Medical Technology Co., Ltd.; Fig. 2 ). The mechanical characteristics were measured using a universal LFPlus digital testing machine (Lloyd Instruments; AMETEK, Inc., Berwyn, PA, USA) to measure stretch and elongation. The length of the tested stents was set to 4 cm. Between two gripper arms, the tube axis was aligned with the stretching axis. In addition, the Young's modulus (GPa) was calculated from the linear slope of a stress-strain curve for each tested stent. Testing was performed in triplicate.
Animal model. In this study, the porcine head model was used. The oral-maxillofacial region in pigs is most similar to humans with regard to anatomy, development, physiology and pathophysiology (8) . Pig heads were obtained from a local pork supplier. Following the removal of the upper jaw and buccal mucosa, the tongue was retracted providing full exposure of Stensen's and Wharton's ductal papillae.
Sialendoscopy set-up. Sialendoscopy was performed using a semi rigid 0˚ Miniature Straight Forward Telescope (11573A; Karl Storz, Tuttlingen, Germany), outer diameter 1.1 mm, working length 12 cm, working channel diameter 0.45 mm and irrigation channel diameter 0.25 mm.
Sialendoscopy. Following identification of the papillae, the stent-sheathed sialendoscope was inserted into the opening of the salivary gland duct. The scope was directed to the site of stenosis ( Fig. 3A) . At the site of stenosis, the silicon tube stent 'pusher' was used to facilitate stent placement (Fig. 3B ). The scope with the silicon 'pusher' attached, was gently withdrawn, leaving the salivary duct stent in place (Fig. 3C ).
Statistical analysis.
All experiments were performed in triplicate and data are presented as the mean ± standard deviation.
A one-way analysis of variance followed by Tukey's post hoc test was used to analyze the differences in mechanical properties with SPSS v.16 software (SPSS, INC., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Mechanical analysis. The mechanical properties of the PLLA stent, hypospadias silastic tube, feeding tube (size 5-Fr) and 14 G needle cannula are shown in Table I . The elongation stress-strain curves indicate that the PLLA stent is considerably stiffer than commercially available tubes, resulting in fewer dynamic shape changes under similar loads (Fig. 4) . The tensile strength of the PLLA stent was similar to that of the commercially available stents. The Loading (N) for the PLLA stent was lower compared with commercially available stents.
The Young's modulus, which was calculated from the linear slope of the stress-strain curve, was markedly higher for the PLLA stent compared with the commercially available stents (P<0.01; Fig. 5 ).
Functional evaluation of PLLA salivary duct stent placement.
Following identification of the papilla, the main salivary gland duct could be easily identified. Post-placement sialendoscopic evaluations revealed that the stent placement inside the salivary gland ductal lumen was secured in place and allowed continuous irrigation (Fig. 6, arrow head) .
Discussion
In the current study, fabrication of a PLLA-based biodegradable salivary duct stent and its functional application using mechanical tests was established in a porcine head model. The PLLA stent had a significantly higher Young's modulus compared with commercially available non-biodegradable stents, which suggest that it has a greater collapse-resisting strength. In addition, the current study demonstrated that the PLLA salivary duct stent was easily used with current sialendoscopy techniques, allowing accurate stent placement in an animal model with a relatively small ductal lumen. Salivary duct stenosis is a well-known condition in which the duct of a major salivary gland responsible for saliva flow out of the salivary gland parenchyma is narrowed, leading to a decreased lumen, which compromises the secretory function of the gland (9) . Previous studies revealed that salivary duct obstruction can occur as a result of trauma, calculi, autoimmune disorders, radiation, stenosis or fibro mucinous plugs, which result in salivary stasis a predisposing factor to bacterial infection (10,11). Once a ductal stenosis has formed, it is initially managed through ductal dilatations using probes or balloons (12) . Unsatisfactory dilatation of the salivary duct stenosis can sometimes result in total gland removal (13) . For the management and treatment of salivary duct stenosis, new treatment options have emerged as a result of the introduction of an endoscopic approach to salivary gland ductal pathologies, known as sialendoscopy.
Since its introduction more than a decade ago by Professor Francis Marchal, interventional sialendoscopy has become the predominant therapeutic approach for the management of obstructive salivary disorders (14, 15) . During this time, the procedure has evolved from its initial use for simple diagnostic observation to the integration of various treatment modalities. In 2009, Koch et al (16) demonstrated that sialendoscopy-based diagnosis is a first choice diagnostic method, which enabled the direct classification of parotid duct stenosis, which provided additional information and a more effective treatment. Once stenoses are located, balloon sialoplasty is commonly used to dilate the stenotic site (15) . Following balloon sialoplasty, surgeons have the option to leave the site alone or to stent it with a tube for a certain period of time which prevents the site from collapsing again. In 2012, Lempe et al (2) demonstrated the successful use of a stent for the repair of an injured parotid duct in a thoroughbred colt horse. In addition, Kopeć et al (17) revealed the use of vascular radiologic examination catheters as salivary duct stents, whilst Koch et al (18) reported the use of polyurethane stents with different diameters (Fr. 4.5-6.0) based on the size of the scope. A previous study demonstrated the use of commercially available custom-made stents for sialendoscopy (19) . Furthermore, Kopeć et al (17) reported the treatment of 69 stenoses in 51 patients with stent insertion following stenosis dilatation. The stent was placed for 14-21 days before removal, and in total seven patients remained partially symptomatic and four patients had no improvement. A previous study demonstrated the use of hypospadias silastic tubes and pediatric feeding tubes (size 5-Fr) as post-sialendoscopy stents (4), which were maintained for approximately 2 weeks. Early dislocation was observed following the premature breaking of the securing sutures. It would therefore be beneficial to have a salivary duct stent that could be placed exactly at the site of stenosis without the need for removal, and which could last for a longer period of time to allow stabilization at the dilated stenosis site. Beilvert et al (7) developed a resorbable shape-memory starch-based stent for the treatment of salivary ducts under sialendoscopic surgery. Potato starch and high-amylose-content maize starch (Eurylon 7) were Figure 6 . Post-placement sialendoscopic evaluations. Following identification of the papilla, the main salivary gland duct could be easily identified (left and right upper). Post-placement sialendoscopic evaluations revealed that the stent placement inside the salivary gland ductal lumen was secured in place allowing continuous irrigation (arrow head). used as materials to fabricate the stents used in the study. Beilvert et al (7) demonstrated that the stents made from plasticized starch had the required shape-memory properties to be used as self-deploying stents, however, the stents were rapidly hydrolyzed in simulated saliva. In this previous study, starch was used to fabricate the salivary duct stents as this would allow salivary amylase to naturally degrade the stent over time, however, the integrity of the stents was lost during the first 24-48 h of the study. A previous study demonstrated the use of PLLA biodegradable stents for the use of resorbable endovascular stenting (20) . A PLLA stent has the potential to last for a few months or longer, but PLLA degradation may activate local inflammatory responses (21) . However, the normal flow of saliva may remove any molecules released during PLLA degradation, thereby reducing the impact to the salivary ductal wall (7). In the current study, the elongation stress-strain curves demonstrated that the PLLA stent appears to be stiffer than the commercially available non-biodegradable tubes, resulting in fewer dynamic shape changes under similar loads. A harder stent may increase the degree of discomfort for patients. However, a previous study revealed that the feeding tube, which is harder than the hypospadias silastic tube, has a lower rate of irritation and obstructive complications (4). These results suggest that the material used for the fabrication of the salivary duct stent may not need to be soft; it may be that a harder stent has a greater resistance to the collapsing force. Furthermore, the diameter of the PLLA stent was the smallest of all the stents tested. This was designed to fit the outer diameter of the sialendoscope to allow a smooth installation and passage to the site of stenosis. The advantage of having a larger diameter stent would be an increase in the rate of saliva flow and more secure stent localization after placement. However, a larger diameter stent increases the difficulty of stent placement. In addition, a smaller stent may be used for the initial passage through to the ductal stenosis site, which could be replaced by a larger stent if required.
This preliminary study has several limitations, which need to be addressed. The current study used an in vitro porcine head model; however, the PLLA stent needs to be examined using an in vivo model. In addition, the composition of the PLLA stent may require further modification and should be investigated further. Furthermore, the degradation time of the PLLA stent was estimated to last for months. Salivary gland ducts secrete enzymes and the constant flow of saliva may have an effect on the degradation of the implanted stent. Therefore, further in vitro analysis examining the degradation rate as well as other physical properties associated with the stent is required. Although there is a general consensus that a stent is used to prevent re-stenosis and for maintaining the opening of the salivary duct after complete sialendoscopy, there is no recommended duration of stent implantation for salivary ductal stenosis. Several studies have demonstrated that the duration of stent placement is usually a minimum of 2-8 weeks (17) (18) (19) . However, with a biodegradable stent the optimal time could be weeks, months or longer and therefore further investigation is required.
In conclusion, the current study demonstrated that the PLLA biodegradable salivary duct stent had a greater resistance to the collapsing force, compared with commercially available non-biodegradable stents. In addition, the PLLA stent was easily used with current sialendoscopy techniques, allowing accurate stent placement in an animal model with a relatively small ductal lumen.
